I dentIfIcatIon of neural tracts is indispensable for the protection of functions during brain tumor surgery. Among intrinsic brain tumors, gliomas are often not well-demarcated and are hard to distinguish from normal structures. Early identification of neural tracts gives good spatial orientation for surgeons and contributes to the avoidance of neural tract injury. Fiber tracking with diffusion tensor imaging (DTI) has been used to draw the pyramidal tract. However, the lines drawn in tractography do not necessarily show the actual pyramidal tract in terms of the fiber bundle size.
in eloquent brain. The conventional neurophysiological examination is sequential stimulation on the wall of tumor resection. Keles et al. 6 reported that patients whose subcortical pathways were identified with stimulation mapping were more prone to develop an additional motor deficit than those in whom subcortical pathways could not be identified (27.5% vs 13.1%). Carrabba et al. 2 also reported the same tendency of new permanent postoperative motor deficits in each group (6.5% vs 3.5%). Thus, identification of the subcortical motor tract has been increasing the risk of permanent deficits using the conventional subcortical mapping technique. Smith et al. 13 and Ulmer et al. 15 reported reduced diffusion with immediate postoperative MRI around tumor resection cavities that were believed to be ischemic changes. In some cases new postoperative deficits correlated well with the anatomical region of ischemia. Therefore, new postoperative motor deficits may be partly caused by ischemic change due to injury to tiny perforating arteries and/or medullary veins. To avoid the ischemic change of motor tracts, it is important to establish sufficient safety margins. However, with the conventional mapping method, resection is either within or very close to the motor tracts (2-3 mm according to previous reports) when they are detected. The setting of an arbitrary safety margin is the best method to prevent ischemic change of the motor tract.
Previous reports found some relationship between the electrical intensity and the distance to the neural tract from the stimulation point; 5, 11 however, the actual distance may vary in each case, probably because of the heterogeneous impedance of normal brain tissue, edematous brain tissue, and tumor tissue. 10, 20 Inaccurate measurement of this distance may result in excessive resection of the adjacent tissue containing important neural tracts or insufficient resection of tumor due to fear of tract injury.
To address this problem, we developed the needle electrode "NY Tract Finder (NYTF)" (Fig. 1) , 17, 18 which can be used to identify neural fibers in advance of the resection of tissue near important neural pathways. The advantageous function of this electrode is the measurement of the distance between the stimulated point and the insertion site. Because this electrode skips the intervening tissue that is electrically heterogeneous between the stimulation point and the neural tract, imprecise estimation of distance is avoidable. However, we did experience a problem that once the electrode was removed, the location of the stimulated point was ambiguous and the distance between the stimulated point and the insertion site was changing during tumor resection. To solve this problem, we developed the motor tract positioning method. With this technique, the stimulated point can be marked with plastic tubes that alert surgeons to important neural tracts.
In this paper we introduce this technique and describe safe tumor resection adjacent to important neural pathways, as well as analyze its role in intrinsic brain tumor surgeries.
Method

Study Patients
This technique was performed in 40 consecutive patients with newly diagnosed intrinsic brain tumors adjacent to motor tracts that have a risk of intraoperative pyramidal tract damage. All patients were unwilling to accept any postoperative deterioration in neurological symptoms. Therefore, written informed consent was obtained in all patients according to hospital ethics guidelines after the explanation about the risk of residual tumor intentionally left to avoid worsening of motor function. No ethics committee approval was required for this study because it was a retrospective work concerning an intraoperative technique routinely used in our institution.
Tumor Size
The approximate size of tumor was measured on MRI or CT as ellipsoid volume using the following formula:
in which L = length (mm), W = width (mm), and H = height (mm).
Enhanced mass was measured in cases of high-grade glioma, and T2-weighted FLAIR mass was measured in low-grade glioma.
Extent of Resection
Extent of resection was classified into 3 categories: gross-total resection (GTR, > 90% tumor removal), subtotal resection (STR, resection of 50%-90% of tumor), and partial resection (< 50% tumor removal).
Diffusion Tensor Imaging
Motor tracts in each case were visualized by Medtronic Stealth Viz. The 3D relationship and the distance between tumor and the pyramidal tract were evaluated prior to surgery. The DTI information was integrated into the neuronavigation system (Medtronic StealthStation) and used to guide electrode insertion.
Anesthesiology
Total intravenous anesthesia was performed with propofol and remifentanyl. The bispectral index (BIS) was monitored so that the dose of anesthetics could be adjusted to achieve appropriate depth of anesthesia. A BIS index of between 40 and 60 proved optimal for stable muscle motor evoked potential (mMEP) monitoring. 16 
Tumor Resection
All glioma resections were performed with navigational guidance using contrast-enhanced T1-weighted MRI along with T2-weighted MRI as appropriate. When the resection reached the point approximately 20 mm from the motor tract according to DTI data in the navigation system, subcortical motor mapping was started in each case as described below. The resection technique was based on sulcus opening and gyrectomy, with identification and dissection of the sulcus adjacent to the tumor followed by en bloc tumor resection according to the depth at the end of the sulci.
NY Tract Finder
The bipolar needle electrode of the NYTF has two 30-mm-long stainless needles, 1.0 mm in diameter (Fig.  2) . The 2 needles are 5 mm apart. Each needle is insulated with epoxy except for the distal 1 mm. Each millimeter of the needle's length is marked with a narrow white line, every 5 mm with a yellow line, and each centimeter with a broad red line (Fig. 2) . The electrodes and the handle are connected with a rigid joint, 18 modified from the flexible copper wire of an original NYTF. 17 This rigid body enables the operator to achieve stable straight insertion into brain tissue. This electrode NYTF was named after the initials of the Nippon Medical School and an inventor (the name Yamaguchi [Fumio Yamaguchi]). 17 It was registered with a Japanese patent (registration no. 4686772; the right to a patent was assigned and transferred by the inventor to Nippon Medical School; therefore, the inventor has no financial benefit from the sale of this electrode by the manufacturer). The current NYTF is a modified type of NYTF for navigation-assisted brain mapping, with a rigid joint and a needle diameter larger than the original NYTF (Unique Medical Co., Ltd). This electrode is manufactured for research use and used according to the regulations at each hospital. Currently more than 20 hospitals in Japan, China, and Taiwan are using this electrode.
To register the NYTF with the neuronavigation system, reflective passive marker spheres of the navigation system were attached to a handle of the NYTF and the midpoint of the electrode tips was registered as the tip of probe (Fig. 3 ).
Navigation-Assisted Subcortical Electrical Stimulation
Tumor resection was suspended when it approached within approximately 20 mm from the motor tract, followed by navigation-assisted subcortical electrical stimulation. The details of this procedure have been previously reported 17 and are briefly described below.
Electrical Stimulation and mMEP Recording
Electrical stimulation was performed with a neurophysiological monitoring apparatus (Neuropack, Nihon Kohden). The electrical stimulation was 50-or 60-Hz pulses of biphasic square-wave waveform of 1-msec pulse width. For cortical electrical stimulation, current intensity is routinely set at approximately 1 mA to begin and gradually increased by increments of 0.5 to 10 mA; the current is applied for a few seconds for cortical stimulation. If a positive response is achieved, the area is marked with a numbered or lettered tag. The current that activated the mMEP is used as the beginning current for subcortical electrical stimulation.
The same monitoring system was also used as an electromyogram recorder. mMEP was recorded through 8 channels with 16 needle electrodes inserted into the following muscles: face, orbicularis oris; shoulder, trapezius upper and deltoid middle; upper arm, triceps lateral head and biceps brachii; forearm, extensor capri radialis and flexor capri radialis; hand, abductor pollicis brevis and abductor digiti minimi; upper leg, vastus lateralis and biceps femoris short head; lower leg, tibialis anterior and gastrocnemius lateral head; foot, flexor hallucis brevis and flexor digiti minimi.
17
Subcortical Electrical Stimulation
Tumor resection is performed following identification of the primary motor cortex and confirmation of the anatomical relationship between the motor cortex and the tumor. When alerted by the neuronavigator of an approximately 20-mm distance to the motor tract, subcortical mappings were performed.
The NYTF is inserted into the wall of the tumor re- section cavity in the estimated direction of the tract with image guidance from the neuronavigator. The parameters of electrical stimulation are the same as those for cortical stimulation. Starting with the minimum current that activated mMEPs by cortical stimulation, the electrode is gradually inserted. Then the insertion is stopped when the mMEP of any site of the body is elicited. As a next step, the current intensity is reduced by 0.5-0.1 mA increments. Then the electrode is inserted again and stopped when an mMEP is elicited. This procedure is repeated until the tip of the electrode is believed to reach the closest position to the motor tract with minimum stimulating current that elicits mMEPs. The depth of the point can be read by the scale on the electrode.
Procedures of the Motor Tract Positioning Technique
Plastic sheaths for the 16-gauge needle were cut 25-mm long, 5 mm shorter than the electrodes, setting 5 mm as the safety margin. This length of plastic tube is arbitrarily set as needed to create a safety margin. Then, cut plastic sheaths were mounted onto each needle of the electrode. Only the NYTF is withdrawn, leaving the plastic tubes in place when the electrode is thought to have reached the closest point to the motor tract (Fig. 4A) . When the electrode was withdrawn, the plastic tubes were held by forceps at the beginning. Because the inner diameter of the plastic tube is slightly larger than the outer diameter of the electrode, there is no resistance between them. The placed plastic tubes did not easily move deeper because the blunt tip of each plastic tube has a certain resistance to brain parenchyma. There were some rare cases in which the plastic tubes came out; in these cases, electrode insertion was repeated to put the tubes in the right place.
The bipolar needle electrode was routinely used for subcortical mapping, and fence-post tube placement is routinely used for marking the tumor margin. Therefore, placement of plastic tubes itself is not a new technique. We introduced the method of how to place the plastic tube for the determination of the tumor resection limit. This procedure is performed at several points on the cavity wall on the side of the motor tract. Tumor tissue is resected until the tips of plastic tubes appear (Fig. 4B) .
Neurological Assessment
The assessments of neurological functions were performed by 3 neurosurgeons preoperatively and postoperatively (F.Y., H. Ten, and T.H.)
Results
Patient Characteristics
Forty patients (29 men and 11 women) with lesions in motor-eloquent locations underwent resection during this study. The median age of patients at the time of surgery was 55.8 years (range 24-79 years). There were 37 highgrade gliomas ( ). Symptoms at presentation were hemiparesis in 16, seizures in 6 (5 generalized and 1 focal), headaches in 6, sensory disturbances in 2, and memory disturbance in 6 patients. Another 4 patients were asymptomatic and incidentally found.
Detection of Motor Tracts
mMEPs were elicited and recorded in all cases by electrical stimulation of subcortical motor tracts. In all cases the minimum intensity of electrical current that elicited mMEPs of the motor tract was 0.1-1 mA. White matter stimulation was started at 5 mA in most cases. During insertion of the electrode, every time mMEPs were detected, stimulation intensity was reduced by 0.5 mA. An electrode was inserted further to obtain the higher mMEP amplitude. mMEPs could be observed until the stimulation currents were reduced to as low as 0.5 or 0.1 mA.
Motor Tract Positioning Technique
Cut plastic tubes, mounted onto each needle of the electrode, were left in place by withdrawing the NYTF when the electrode was believed to reach the closest point to the motor tract at the minimum electrical current. This procedure was performed at several points on the cavity wall on the side of the motor tract (Fig. 5) . The number of plastic tubes ranged from 2 to 8 according to the area of the cavity wall. Surgeons could recognize the 3D localization of the motor tract under the brain surface and the tumor resection cavity (Fig. 4A) . Safe tumor resection was performed until the tips of plastic tubes appeared, mainly using an ultrasound aspirator (Fig. 4B) .
FIG. 4.
Tumor resection phase of the motor tract positioning method. A: Plastic tubes were left on the cavity wall. Surgeons could recognize the 3D localization of the motor tract under the brain surface and the tumor resection cavity. B: Safe tumor resection was performed until the tip of the plastic tubes appeared, mainly using an ultrasound aspirator.
Completeness of Resection
Tumor resection was performed according to microsurgical standards. GTR was possible and achieved in 82.5% of cases (33/40), STR in 10% of cases (4/40), and PR in 7.5% of cases (3/40 ).
Postoperative Neurological Function
There were 3 patients who presented with transient motor weakness and recovered to their preoperative level within 1 month. The cause of this weakness appeared to be Todd's palsy due to intraoperative seizure, supplementary motor area syndrome, or perifocal edema. At 1 month postoperatively, no patient (0/40, 0%) showed permanent deterioration of motor function.
Discussion
Intraaxial tumors such as malignant gliomas are often not well demarcated and are difficult to distinguish from normal structures. Neuronavigation systems and DTI technologies enable us to recognize the position of certain neural tracts, but the brain deforms once a craniotomy has been performed and the absolute positional information is no longer accurate. To preserve neural functions, surgeons cannot rely on this obscure information. In contrast, neurophysiological measures such as brain mapping and subcortical electrical stimulation can inform us regarding the existence of functioning structures when mMEPs are elicited.
Estimation of the Distance to Neural Tracts
Efforts to estimate the distance between the stimulation intensity (mA) and the distance (mm) to the motor tract have been reported. 11, 12 There has been a report of a certain tendency for linear correlation between these distances. The relationship is not precise, however, and is not reliable for use in determining the resection margin in each patient. Especially when tumor resection is approaching the corticospinal tract, the correlation of distance is not linear, 12 so frequent subcortical stimulations are necessary. The reasons why the estimated distance varies in every case include a nonlinear relationship;
12 heterogeneity of tissue in terms of electrical impedance; 3 or the changes in electrical response of axons depending on physiological conditions, such as blood flow, blood pressure, blood rheology, carbon dioxide, body temperature, and regional temperature. 1 We often experience the increase of stimulation threshold by hypothermia, which increases blood propofol concentration during a constant rate of infusion.
8 Thus, the conventional method should be used carefully for the estimation of the distance according to surface stimulation during a close approach to neural tracts.
Needle Electrode Insertion
In contrast, our method for detecting motor tracts is performed by on-site electrical stimulation at the proximity of the neural tract by inserting the needle electrode. The insertion of the electrode, which is often performed in functional neurosurgical operations, is not a standard method in brain tumor surgery.
Bipolar Electrode
Direct cortical stimulation with bipolar electrodes was found to be very effective in producing localized current flows. Unipolar cortical stimulation, which has a more distant reference electrode, produced higher current densities at the same stimulating current as did bipolar stimulation, but stimulated a larger region of the cortex. 9 The use of a bipolar electrode in this procedure is based on a previous report. 4 Studies using optical imaging of bipolar cortical stimulation in the monkey cortex 4 have shown precise local changes (i.e., within 2-3 mm). A graded increase in the area of activation was observed as the stimulation intensity was gradually increased. Therefore, further insertion of the electrode is necessary to shorten the distance between electrodes and axonal fibers to elicit the mMEPs. By repeating this procedure, the position of the electrode   FIG. 5 . Illustration of the motor tract positioning method. Cut plastic sheaths, mounted onto each needle of the electrode, were left in place by withdrawing the NYTF when the electrode was believed to reach the closest point to the motor tract at the minimum electrical current (A and B) . This procedure was performed at several points on the cavity wall on the side of the motor tract. Copyright Fumio Yamaguchi. Published with permission.
tip reaches the closest point to axonal fibers. The electrode insertion was stopped when mMEPs were elicited at a certain current intensity. Because of the close proximity of these paired electrodes, the extent of the current field produced by them is limited and more accurate anatomical localization of the site of stimulation becomes possible. Considering electrical field spread by higher current intensity, a small stimulation area is possible by reducing current intensity.
Electrically Heterogeneous Tissues
Malignant tissues differ from normal tissues (such as brain, breast, skin, prostate, liver, bladder, etc.) in electrical properties, generally attributed to the different water content in neoplastic tissue due to the variation of protein hydration and vascularization, as well as to the membrane permeability, amount of extracellular fluid, packing density, and orientation of the malignant cells. 20 Sometimes the current field may be distorted by low resistance pathways and this channeling of the current may cause stimulation at unwanted sites. This factor may affect variability of measured distances. Therefore, such demerits are minimized by using bipolar stimulation in which both electrodes are positioned close to each other and have approximately the same conducting contact area.
3 Also, the aim when inserting the electrode close to the pyramidal tract is the avoidance of electrically heterogeneous tissues. By insertion of the electrode, the tips of the electrode can reach the neural tracts, skipping the intervening electrically heterogeneous tissues.
Waveform Type
The type of waveform of the electrical stimulation affects the distance from the axon to the electrode. Historically, a rectangular biphasic wave has been used for electrical stimulation for brain mapping and we have been using it following the previous protocol. 19 This conventional rectangular biphasic pulse activates only nearby axons, while double-exponential waveforms can recruit targeted fibers and change the location of a target by manipulating stimulus intensity.
14 Therefore, a rectangular biphasic wave is adequate to minimize the area of stimulation.
Inserting Multiple Tubes Into the Vicinity of Motor Tracts
The problem with our electrode insertion method had been a temporality of neural tract recognition. Despite the fact that accurate identification of tracts was accomplished, the positions of the recognized neural tracts could not be marked once the electrode was removed. The reading of the scale on the electrode gave distance information to surgeons; however, it was changing because tissue removal and frequent stimulations were necessary to know the most current distance. To resolve this inconvenience, stimulated points needed to be marked. The tip of the electrode could be marked with the same length of plastic tube to show the actual site of a neural tract. We usually make plastic tubes that are 5 mm shorter than the electrodes to keep 5-mm-thick tissue adjacent to the motor tract as a safety margin in our method. This safety margin thickness could be arbitrarily set as needed. By observing multiple plastic tubes left in situ, the direction and the depth of the motor tract could be recognized by surgeons. Tumor resection can be safely performed until the tip of tube appears, because they show the points 5-mm prior to the motor tract. This 3D recognition of the motor tract during the surgical approach enables safe resection without injuring this important functional structure.
Advantages and Disadvantages of This Technique
Based on the fact that the actual distance between the stimulation point and the neural tract varies in every case, 5, 10, 11, 20 there may be an inaccurate measurement of its distance using the conventional electrical stimulation method on the wall of the resection cavity. The conduction of electrical stimulation from the wall of the resection cavity has to pass the heterogeneous tissues, e.g., tumor, edematous white matter, nonedematous white matter, and edematous and nonedematous gray matter. Considering the difference of impedance of these tissues, transmission of electrical energy through them is not necessarily homogenous and the electric field intensity in the vicinity of the electrodes becomes nonuniform. Hence, electrical power that is necessary to evoke a certain neural axon is different depending on the intervening tissues between electrode and axon. In contrast, in our method, the tips of the electrode can make their closest approach to the axon. This close placement of the electrode can minimize the thickness of these intervening electrically heterogeneous tissues and consequently it may minimize the electrical power and the variation of stimulating currents necessary for evoking mMEPs.
There might be a possibility of tissue damage and vascular injury by the insertion of the needle electrode. However, no hemorrhage has been experienced by our method so far, and presumably the round shape of the electrode tip can avoid piercing vascular structures.
Awake surgery is also a beneficial technique to detect any rapid neurological change on site. However, even with awake surgery, the condition for the detection of motor tracts is not different regarding the sudden neurological change by vascular injuries. Without electrical detection of the tracts prior to the resection of tumor, unintended excessive resection could occur, resulting in the injury of motor tracts. And even if the structure of the tracts remained, their ischemic change by vascular damage makes motor function deteriorate. This change could occur suddenly; therefore, gradual resection while observing patients' neurological change could fail to protect against neurological deteriorations.
Conclusions
The motor tract positioning method enables surgeons to recognize the 3D position of motor tracts and provide safer tumor resection. Further investigation is necessary to elucidate the precision of this method in terms of real proximity of electrical stimulation.
